Since arc welding is a transient thermal process, it leads to a time varying temperature field all over the plates being welded. This in turn may cause residual deformations in the plates. Theoretical evaluation of deformation due to the thermal cycles necessitates the solution of a complex time dependent thermal elastoplastic problem. Solving such problems analytically is not always feasible. However, conventional numerical techniques prove to be highly time consuming and it therefore becomes prohibitively expensive handling big and somewhat complex structures. The pseudolinear equivalent constant rigidity concept has been developed in this investigation for thermo-mechanical analysis of plates undergoing welding. The initial nonlinear problem, with modulus varying with temperature, was transformed into a pseudolinear equivalent system of constant rigidity that was solved by linear analysis.
INTRODUCTION
Arc welding is used extensively as a method of metal joining in ship building industries. Welding being a transient thermal process, it results in time varying heating and cooling cycles, which in turn may lead to deformation. Similar principles also form the basis of plate forming by line heating. To ascertain the extent of deformation due to the thermal cycles caused either by welding or line heating, a complex non linear thermal elasto-plastic problem needs to be solved.
Due to the complexity of the problem, which is nonlinear and involves plastic deformation of the medium at high temperature varying in both time and space, analytical solutions have proved to be inadequate, whereas the conventional numerical techniques have proved to be highly time consuming and thereby prohibitively expensive in handling somewhat large and complex structures such as those encountered in shipbuilding.
Several investigators have tried to solve this thermo-elasto-plastic problem using various schemes.
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Watanabe and Satoh /1 / used the analytical solutions resulting from the theory of elasticity for prediction of thermal deformations due to welding and line heating. However, since elastic solutions are limited, application of the method is also limited.
Later Masubuchi 111 and Fujita and Nomoto 131 have calculated stresses in butt-welded plates assuming temperature independent material properties and uniform temperature and stress fields through the thickness of the plate.
With the increasing computational power of present day computers, numerical methods based on finite element and finite difference schemes have been extensively used. Masubuchi 
PROBLEM FORMULATION
The problem of thermal deformation of plates was handled in a decoupled manner. First the heat How problem, considering temperature dependent material properties, was solved. The result of this solution, i.e.
the time dependent 3-D temperature profile over the plate, was used as input to the solution of the problem of mechanical response of the plate undergoing heating by a moving heat source.
Therefore, as a first step towards the development of the technique, a reliable and efficient method for determining the temperature history due to a moving heat source has been developed based on a centre difference implicit scheme using Jacobi iteration method. Here it was assumed that the heat conduction process is uncoupled from the stress strain state of the plate.
In the present investigation, the distortion due to bead-on-plate welding and distortion control through heat sinking were investigated. Accordingly experiments were carried out using submerged arc welding to verify the theoretical results. Here the purpose of the work was to establish the method of analyzing thermal deformation of plates using Pseudolinear Equivalent Constant Rigidity System. Alter validating the numerical technique of evaluating welding distortion, the case of heat sinking technique, for controlling distortion, has been numerically tested.
Heat Flow
The temperature Τ (χ, y, ζ, t) as a function of time (t) and spatial coordinates (x, y, z) satisfies the following diffusion equation at every point within a finite domain, Therefore Δχ = I mm, Δζ = 1 mm and Ay = numerical value of welding speed.
Considering the welding line to be on the line of symmetry, only one half of the plate about the y-axis was taken as the calculation domain, as shown in Fig. 2 . The heat loss, due to radiation, conduction through electrode and heat consumed towards burning of flux and melting of electrode, were accounted for by the arc efficiency parameter η. In the present study a value of 0.9 was taken for η. Therefore, the net heat available to the plate was η.V.l. This was considered to be uniformly distributed over the shaded part of the heat source model as shown in Fig. I . Therefore, the heat input per unit volume was given by, 
Boundary Conditions
The line of symmetry, i.e. the y-axis, as shown in Fig. 1 , is the welding line. Since the heat source is moving along the y-axis, therefore temperature distribution will be identical on both sides of the y-axis, i.e.
both χ positive and negative. Therefore the boundary condition along the y-axis was defined as:
At the axis of symmetry χ = 0 ;
Along the other three boundaries and on the top and bottom surfaces of the plate, heat dissipation will occur through convection. Different convection coefficients have been used for modeling the convection conditions at the top and bottom surfaces. This was done to take into account the effect of higher temperature condition at the top surface, whereas the bottom surface and the plate edges which are substantially away from the welding line will always be at a much lower temperature. At the same time while modeling the case of heat sinking much higher value of convection coefficient has been considered to simulate the condition of cooling through flowing water at room temperature as shown in Fig. 3 . Accordingly, the following boundary conditions were defined for various surfaces, h, = top surface convection coefficient.
h b = bottom surface and plate edge convection coefficient.
h w = water cooling convection coefficient.
At the plate edge parallel to the y-axis, let χ = xx ;
2. Δ χ. hb where C x Δχ = mesh size along the χ direction as shown in Fig.2 At the free end of plate y = 0 ; (5) At the plate edge parallel to the x-axis, let y = yy ;
2.hi,. Ay where C V~ λ Ay = mesh size along the y direction as shown in Fig.2 At the plate top surface, ζ = 0;
At the plate bottom surface, excluding the area being cooled by water circulation ζ = zz ;
Δζ = mesh size along ζ direction as shown in Fig.2 At the plate bottom surface, within the area being cooled by water circulation ζ = zz ;
2. Δ z. h w where C zw = In addition to these boundary conditions, the initial condition over the entire plate was defined as,
where T 0 = ambient temperature.
Fig. 3: Convection coefficients used in numerical simulation

Finite Difference Scheme
The governing equations were represented in a finite difference form based on the centre difference implicit scheme. The numerical solution of equation (1) with appropriate boundary conditions (3) - (10), required fine grids along the χ and ζ axes and a small time step to ensure the accuracy of the numerical calculation. The fine grids in the 3-D problem led to a very large sparse matrix resulting in a limitation to the calculation domain size. This limitation was overcome by using a Jacobi iteration scheme to solve the system of difference equations. Since the coefficient matrix of this system of equations is not diagonally dominant, the equations sometimes lead to the problem of non-convergence. Therefore, under-relaxation was employed in the Jacobi iteration scheme for dampening out the oscillations. The Jacobi iteration and iteration to accommodate variation of thermo-physical properties with temperature ran simultaneously. The entire code was written in VC++ environment. The model used 127 χ 29 χ 8 grid system for 6 mm thick plate and 132 χ 36 χ 10 grid system for 8 mm thick plate for the calculation of temperature history over 1500 time steps, each time step being 0.2 second.
The variations of specific heat and thermal conductivity with temperature have been incorporated in the calculation of temperature history. The temperature dependence of these parameters is given in Table 1 /19/.
The various mechanical properties, as used in this analysis, are given in Table 2 /19/. Solution of this thermomechanical problem is rather difficult because of variation of all physical properties with temperature. This leads to the material non-linearity of the problem. At the same time, because of moving heat source, the temperature profile continuously changes with time, keeping the problem from start to end in a transient state.
The temperature history Τ (χ, y, ζ, t) over the entire plate was obtained from the solution of the heat flow equation incorporating the above referred thermo-physical material properties and boundary conditions. The heat input was calculated from the welding parameters, shown in Table 3 , as observed during the conduct of the experiments. The temperature profile obtained from the calculations and the measured ones using chromel-alumel 
Thermal Strains and Bending Moment
Due to the temperature difference along the x, y and ζ axes, thermal strains will develop and vary with time. These in tum will give rise to bending moments, causing the plate to deform. The bending moments
were calculated separately about the χ and y axes. Since the temperature profile caused by the moving heat source leads to a quasi stationary state, the bending moment M x about y-axis, i.e. the heating direction in a strip of plate perpendicular in the direction of heating, was calculated, whereas the moment M y about x-axis was calculated considering plate strips parallel to heating direction, the y-axis. The average of the moments thus calculated about x-axis was considered. These moments were calculated over a time domain covering the heating and cooling phase.
Because of the temperature distribution in the plate along x-axis at a given time instant, there will be a thermal strain distribution along a plate strip as given below:
ε(η, χ, y, ζ) = a(n, x, y, ζ)ΔΤ(η, χ, y, ζ)
where
The forces due to these strains acting on an element b y dz as shown in Fig. 6 are given by, F x (n, x, y, z) = E,(n, x, y, ζ) ε(η, χ, y, z)b y dz (13) for ε(η, χ, y, ζ) < E y (n, χ, y, ζ) F x (n,x,y,z) = /E,(n,x,y,z) s y (n,x,y,z) + E 2 (n,x,y,z) {s y (n,x,y,z) -s(n,x,y,z)}/ b y dz (14) for ε(η, χ, y, ζ) > ε ν (η, χ, y, ζ) Therefore a moment due to the thermal strains at different nodes in x-direction at time step η will be given by,
Μ{η,*) = Σ
Similarly, the forces acting on the strips along the y-axis and the moment due to the thermal strains in ydirection will be given by: 
Constant Rigidity System
When heating over a line is carried out on a plate, as in the case of bead-on-plate welding, a time dependent temperature profile is created, as discussed above in section 2.1. This causes variation of modulus leading to variation of rigidity of plate in a time domain. The solution of such problems is very complex. The purpose of this work was to develop a concept and a method that can be used to derive accurate and convenient solutions to these complicated nonlinear plate problems. The methodology developed in /17/ regarding computation of reduced (or equivalent) modulus for beams, will be extended here for the inelastic analysis of plates. By using the concept of reduced rigidity, the variable stiffness problem was simplified to that of a constant rigidity system. For the evaluation of the reduced rigidity, it was essential to know the stress strain characteristics of the material undergoing thermal cycles. The inelastic analysis was carried out, using bilinear approximation of the stress-strain curve of the mild steel, as shown in Fig.7 . 
Now the total strains and stresses are given by,
Therefore Eq.(21a) and (21b) could be written as,
At a given cross section, the bending moment M y of the plate with unit sides will be given by, Therefore the reduced rigidity D^, along the y-coordinate can be written as,
Similarly, the bending moment M x and the reduced rigidity D rx along the x-coordinate of the plate will be,
The integrals in Eq. (27) and (29) Using the stress strain characteristics as shown in Fig.7 , values of A x and A y were assumed. This is equivalent to assuming the values of ε, and ε 2 Assuming isotropic property, one obtains 8 t = ε 2 = ε. Therefore Λ = 2ε. For each assumed value of A x and A y , the required moments M yreq and M xreq were completed by using Eqs. (26) and (28), respectively. The values of D^ and D^ were obtained from Eqs. (27) and (29), respectively. The procedure was repeated by assuming new values for A x and A y until M yrcq and M xreq became equal to the actual moments M y and M x respectively, that were obtained from the Eqs. (15) and (16).
With these values of A x and A y the reduced rigidities D" and D^ were calculated from Eq. (29) and (27) respectively.
Deflection
The curvature-moment relationship for rectangular plates can be written as, where: Δχ and Ay are the mesh size of the domain. The same mesh size has been taken as described in section 2.1. In evaluating equation (31), the initial condition taken is w(x,y) = 0 at t = 0. Also at any time instant, the deflection along the welding direction, i.e. along y-axis has been taken as zero.
EXPERIMENTS AND RESULTS
The experimental setup comprised of instrumentation for precise measurement of deflection due to a thermal load. To simulate the case of thermal loading, bead-on-plate submerged arc welding was carried out on several test specimens of 305 mm χ 240 mm of 6mm and 8mm thick C-Mn steel plates. In naval constructions, for weight sensitive vessels, plates of thickness less than 12 mm are extensively used. At the same time, contrary to the common belief, submerged arc welding is being gainfully utilized for fabrication of ship panels with plates having thickness as low as 6mm. The main challenge is to control the possible distortions arising from welding in fabrication of such thin panels. The dimensions and control points of measurement of deflection of the test plates are shown in Fig.8 . The composition of the C-Mn steel used is given in Table- Submerged arc welding with a 600 A DC constant potential power source with electrode positive was used for carrying out bead-on-plate welding of 6mm and 8mm thick test pieces as shown in Fig. 9 .
Fig. 9:
The welding setup
The welding parameters recorded are given in Table 3 . The consumables used in the experiments were Measurements of plate deflection were taken using a dial gauge having least count 0.001mm as shown in Fig. 12 . Measurements at the control points on the test pieces were taken prior to welding and again after welding at the same control point locations, once the specimen cooled down to room temperature. • -experimental deflection -·-Num. deflection without heat sinking • Num. deflection with heat sinking control points at the plate edge control points at the plate edge . The deflection in the case of 6mm plate for the given heat input was found to be higher than that of 8mm thick test pieces. The extent of deflection that may take place depends on heat input as well as on plate rigidity. Hence higher deflection in the case of 6mm thick plate was expected because of its rigidity being less compared to that of 8mm thick plate. At the same time the heat input in the case of 8mm thick plate was only marginally higher.
Control of deflection has been theoretically tested by providing heat sinking through water cooling below the plate surface undergoing welding, as shown in Fig. 3 . The results obtained are shown in Figs. 13 and 14, wherein one can observe that, with the proposed heat sinking, the overall deflection at the plate edges was reduced by more that 50%. This indicates a promising possibility of devising a suitable heat sinking arrangement which will be able to reduce the weld induced deformation quite significantly.
The concept of a pseudolinear equivalent constant rigidity system has been developed in this investigation for thermo-mechanical analysis of plates undergoing variation of rigidity due to a continuously changing temperature profile as is encountered in welding situations. The method has been effectively implemented in this study to solve nonlinear thermo-elasto-plastic problems related to weld induced deformations of steel plates. The thermal load has been applied through bead-on-plate welding carried out by submerged arc. The theoretical results of both temperature history and deflection without heat sinking compared very well with those of the experimental ones. The present method was found to be computationally more efficient and simpler to model than FEM for solving similar thermo-elasto-plastic nonlinear problems.
CONCLUSION
